The strength of the vortices increases with the weight of the vortex generating aircraft. Therefore, weight dependent separation distances have been established to avoid dangerous wake vortex encounters. To solve the future capacity problems at airports these proven separation distances have to be investigated carefully with the aim to discover possible margins. This demand forms the need for more flexible separation procedures taking into account the actual weather situation and the parameters of the individual aircraft pairing. In any case the separation distance of approaching aircraft has to be determined in such a way that the approach corridor is free of hazardous vortex flows for the trailing aircraft. The question to be answered is what is the meaning of "hazard free", respectively how close is an aircraft allowed to approach a vortex without adversely affecting undisturbed flight operation? The determination of a reliable threshold is only possible with pilot-in-the-loop investigations. This paper presents the results of flight simulator studies and in-flight simulations using real flight test aircraft. Based on the required normalized roll control power tolerable and safe situations can be distinguished from unacceptable encounters and a threshold value can be established. The tolerable threshold value can be increased if the pilots control task is supported by an automatic controller. 
I. Introduction
HE principle of dynamic lift generation is coupled with the generation of two strong rotational flow fields located at the aircraft's wing tips. 1 Fig. 1 illustrates this flow phenomenon at the left wing tip of DLR's flight test aircraft ATTAS (Advanced Technologies Testing Aircraft System) indicated by colored smoke. The strength and dimension of these two counter rotating vortices are aircraft dependent with a predominating impact of aircraft mass and airspeed. The superimposed flow fields of the two vortices form the well known phenomenon of a wake vortex. The lifespan and decay process of this phenomenon is strongly affected by atmospheric conditions, e.g. stability and turbulence. In addition the wake vortex is shifted by the geodetic air mass motion. The high velocities in the wake vortex flow field it make it a threat for a following aircraft getting close it. Such a situation has to be especially expected when aircraft are approaching an airport for landing. Then, all planes have to gather in designated areas and finally on a precisely defined approach path accurately heading to the runway. The closer the aircraft get to the runway the more condensed the traffic will become and the probability to meet a wake vortex will increase. The encounter conditions become worse if a small and light aircraft hits the wake vortex of a big heavy one. A wake vortex is invisible for human eyes which makes an encounter a sudden and unexpected event for the pilot. This can lead into a hazardous situation for the encountering aircraft and the passengers on board. Adverse load variations and a very fast dynamic response hardly to be counteracted by a human pilot have to be expected which at least have to be considered to disturb flight operations.
To avoid unintended encounters separation distances have been established for approach and landing. The current standard separations 2 can be assumed to be proven by their daily operational application. These proven separation distances are limiting the landing capacity of airports especially during the rush hours. There is a demand to improve these situations of air traffic congestions. Moreover there is the requirement to cope with the forecasted air traffic increase 3 of the coming decades. To boost the traffic throughput the currently applied separation distances have to be investigated carefully with the aim to discover possible margins. In any case the separation of approaching aircraft has to guarantee safe and undisturbed flight operation. The commonly accepted position regarding wake vortices is that no wake vortex penetration is permitted. 4 Consequently aircraft separation has to be determined in such a way that the approach corridor is free of hazardous vortex flows for the trailing aircraft. How can this be achieved with regard to the fact that theoretically the dimension of a wake vortex flow field is infinite? So, the question to be answered is: what is the meaning of "hazard free", respectively how close is an aircraft allowed to approach a vortex without adversely affecting undisturbed flight operation? At the latest when a wake vortex encounter cannot be distinguished from for example normal natural turbulence, the situation can no longer be assumed to be hazardous. The determination of a reliable penetration threshold is only possible with pilot-in-the-loop investigations. This paper presents the results of piloted flight simulator studies and real flight tests using in-flight simulations. Wake vortex encounters were simulated with the goal investigate the relevant parameters and to establish an acceptable penetration threshold. The presented work was performed in the frame of the DLR Wirbelschleppe II project. 
II. Modeling the Wake Vortex Encounter
For the investigation of aircraft behavior during wake vortex penetration mathematical models of this phenomenon and its effect on the flight vehicle are needed. The quality of the models is essential for the reliability of the results. Therefore, the models have to be selected carefully with special attention regarding their level of validation. The highest level of validation can be assumed to be the model identification using measured real world data. The models used for the presented study will be briefly introduced in the following. 
of the denominator defines the distance b 0 between the two vortex lines which is smaller than the aircraft's wing span.
2. Vortex Decay. When a vortex is ageing its circulation intensity becomes weaker due to the loss of energy. Several models are available describing this effect. [5] [6] [7] [8] For this study the vortex decay is modeled using the deterministic two phase model (D2P) 10 . The two different phases represented by the model are at first the diffusion phase (slow decay) followed by a rapid decay phase (fast decomposition). The principle is sketched in Fig. 2 showing the effective circulation normalized by the initial circulation versus the dimensionless time coordinate. t* is calculated from real vortex age versus a characteristic time scale
The characteristic time scale is the time it takes the vortex to sink a distance equal to the distance between the two vortex lines. The model considers actual atmospheric conditions, e.g. stratification and level of turbulence. Due to the complexity of the underlaying physics of the vortex phenomenon it is clear that in reality the decay behavior will need an uncertainty margin around the nominal mathematical calculation. This can be modeled by a probabilistic model extension (P2P). Comparisons with real world data demonstrate the correctness of this approach. 10, 11 But this probabilistic model feature was not use for the presented study since each singe piloted simulation requested deterministic constrains. The vortex age for the study was defined to be t age = 50s.
3. Vortex Core radius. The size of the vortex core is mainly affecting the peak amplitude of the vortex flow. The smaller the core size the higher the maximum rotational flow speed. Different studies offer different suggestions for the core size. The specified range of the vortex core radius is in between 1% to 5% of the aircraft's wing span. Real flight experiments have been executed within the European S-WAKE project 12, 22 to performed precise in-situ wake vortex measurements during wake encounters.
13 From these flight test data an initial core radius of was determined by means of parameter identification.
14 Equation (3) applies for a fully developed but young wing tip vortex. Further more FISCHENBERG 13, 14 shows that the core radius increases with vortex age. This results into decreasing peak amplitudes of the vortex flow. For the presented study the vortex core radius is chosen to be the initial one r c = r c0 , which yields the strongest possible flow field.
4. Wake Vortex Flow Field. Various approaches to model are available for the two dimensional rotational flow in the plane perpendicular to the vortex line. [15] [16] [17] [18] [19] [20] All the models provide calculation rules for a completely developed vortex to transform the circulation Γ L into a radial dependent velocity distribution. The model identification from flight tests 13, 14 shows that the best fit of a continuous model compared with real flight test data is obtained by the approach of ROSENHEAD 17 /BURNHAM-HALLOCK 5. Wake Vortex Transport. The wake vortex motion was not a factor in the presented study. In fact the used encounter scenarios were always arranged for a wake vortex hit under precisely predefined conditions. This also includes the encounter geometry which was not wanted to be altered by a wake vortex motion.
B. Aerodynamic Interaction Model
The standard aerodynamic model for non-linear numerical simulation is based on the assumption that the airflow variations occur uniformly over the whole aircraft dimension. This applies only for atmospheric disturbances which are of large scale compared with the aircraft's dimension itself. The scale of velocity variation within the flow field of a wake vortex has to be regarded small compared to the size of aircraft geometry. Thus, the effect of local flow variation along the air force generating surfaces has to be modeled. To allow further usage of the standard rigid body aerodynamics model the effect of wake vortex flow disturbance was modeled as a superimposed add-on effect. The effect of the wake vortex flow induced supplementary angle of attack was considered using a strip model 21 . This model calculates the forces and moments from the local angle of attack variations due to the vortex flow. These computations are executed at different sections, so called strips, along the wing and along the horizontal stabilizer (see Fig. 5 ). This so called aerodynamic interaction model (AIM) was also validated by a parameter identification method applied to flight test data 13,14 coming from real encounter flights 22 . Already a limited number of strips (each side of wing: 4 strips, HTP: 4 strips, vertical fin: 2 strips) will give good results. Fig. 6 illustrates the comparison of time histories of wake vortex encounter from flight test and from simulation. The results show that the model can be regarded to be a good approach in terms of realistic encounter representation, especially for the vertical and roll axes.
III. 
Wake Vortex Encounter Response of Aircraft
In the real world a wake vortex encounter will be only a temporary but very dynamical event. Furthermore there is a great variety of possible encounter situations due to the numerous parameters of influence. The encounter scenario depends on the state of the AC, the orientation of flight path and wake vortex (encounter angles), and the relative positions of wake vortex lines. Focusing on approach and landing for the above mentioned reasons the aircraft's state is defined by the low speed approach configuration. Even then the possibilities of flight paths orientations through the flow field are manifold. From Fig. 7 it is clear that the flight path is essential for the flow disturbances the aircraft is exposed to. But the worst case regarding the aircraft response has been identified to result from wake vortex encounters which are in parallel to the vortex lines. 23 Thus, wake flow penetrations with small encounter angles representing parallel encounters are chosen for the following study. For this encounter situation a very fast roll reaction is the predominating dynamic response of the aircraft 24 as illustrated by Fig. 8 . For t = 0s the aircraft is approaching from right below the left wing vortex of the vortex generating AC (vortex core indicated by smoke). Regarding the horizon it can be seen that within two seconds the aircraft reaches a bank angle of nearly Φ ≈ 80°. Although Fig. 8 was taken from the encounter situation of a small/light aircraft (Do128) penetrating the wake of a medium aircraft (VFW614 ATTAS) the same response applies for encounters of medium behind heavy AC. For example during normal flight operation of medium aircraft (B737 and A320) behind heavy aircraft (e.g. B747) bank angle excursions definitely attributed to wake vortex penetration with max. amplitudes of more than Φ > 45° according to the pilots were reported by the BFU 25, 26 .
IV. Encounter Criterion
The difficulty to define a numerical encounter criterion for severity assessment comes from the great variety of parameters of influence. Even if it is accepted that the relevant encounter scenario (at least for approach and landing) is described by parallel wake vortex encounters (see chapter III) there are manifold parameters affecting the course of such an event. Further factors are 27 • Aircraft Pairing • Aircraft Control -individual pilot behavior (skill) -performance of automatic controllers The list above claims not to be complete. But it underlines the difficulties (especially if a pilot is in the loop) to set up a clear criterion of what is hazardous (in terms of constraints leading unquestionably into an unsafe situation) as many attempts illustrate. 32, 33, 34 Approaching the problem from a safety point of view leads to the idea that it is possible to define an area around a wake vortex outside which the vortex flow is definitely not hazardous to an aircraft. This does not imply that any encounter (slight penetration) of the so defined Hazard Zone must result in a threatening situation. But the area outside the Hazard Zone has to be an absolute Safety Zone. 28 This idea will be introduced briefly. 29 Following this approach it is necessary to identify safe boundaries around a wake vortex defining the Hazard Zone. The today policy to avoid hazardous situations is formulated by the obligation that "no vortex should be encountered by intention" 4 . But what does "no vortex encounter" means? A qualitative statement can easily be made: the more distant the encountering AC flies away from the vortex cores, the less are the noticeable effects of a wake penetration.
Accepting that the compensation of the vortex induced roll momentum is the predominant matter 24 the worst case situation at a certain distance is the quasi stationary flight parallel to the vortex axis. Then the wake vortex is permanently acting on the aircraft. In order to relate the induced rolling moment to the controllability of the encountering aircraft the magnitude of the required aileron deflection ξ req is related to the maximum deflection 28 .
This way the dimensionless roll control power ξ* req (also RCR req ) is determined:
Using Equation (5) areas of equal required roll control ratios ξ* req = RCR req behind a lift generating airfoil can be computed from the models described in chapter II. By choosing a maximum allowable required (nominal) roll control ratio (aileron deflection respectively)
the hazard area is defined. For simplification this hazard area is (conservatively) approximated by a rectangle (marked by red lines in Fig. 9 ). The nominal roll control ratio has to be determined in such a way that the resulting simplified hazard area (SHA) covers all the risks posed by the wake vortex, e.g. loss of lift leading to an increased sink rate. The dimension of this SHA depends on the amount of RCR nom which is tolerable without any adverse effect on safety. If such a nominal RCR nom value can be found a limit for safe flight operation is established which is defined by only one single parameter. The appropriate safety threshold needs to be validated by pilot-in-the-loop investigations.
V. Validation Methodology
The safety threshold for the required roll control ratio is investigated using fixed based, full-flight, and in-flight simulators. The goal is to establish a threshold to ensure safe and undisturbed flight operations. The validation concept was based on the following methodology: Wake vortex penetration paths were set up directing the encountering AC aircraft along the bounds of the SHA defined by the specific RCR nom to be investigated. For each landing approach only one side of SHA could be investigated (upper, lower, left or right side). This was achieved by positioning the wake in such a way that the flight path was in coincidence with one of the 4 sides (indicated by red lines in Fig.9 ) forming the SHA for the respective RCR nom .
A. Investigation Scenario
For the investigations a clear scenario has to be defined. The experiment scenario represents a typical approach scenario. It begins 6 nm before runway threshold and consists of an ILS approach with landing (Fig. 10) . The ILS has an inclination of γ = 3°.The pilot has to track the nominal ILS path following the standard approach procedures to configure the aircraft for landing. This includes flaps and speed settings as well as gear operation.
To make use of the element of surprise the vortex encounters took place at different altitudes not known by the pilot. There will be only one or sometimes no encounter for every approach. The flight path leads the AC either along the upper, the lower or the lateral hazard area boundaries. The horizontal and vertical encounter angles were slightly altered but of course were kept small to be close to a parallel like encounter.
B. Pilot Ratings
Immediately after any approach (no matter if ground based or flying simulator) the experimental pilot has to fill in a questionnaire (Fig. 11) . For each approach the questionnaire comprises four assessment categories: aircraft control, demands on the pilot, aircraft excursions from flight state and path and over all hazard. The rating scale is graduated into four levels. A pilot rating of 1 is denoting a situation when any unwanted effects are hardly noticeable. A rating of 4 denotes a situation the pilot would have avoided if he had known in advance. But a rating of 4 is still far from a fatal event. Ratings of 1-3 are considered acceptable. The concept of the Full-Flight Simulator study is sketched in Fig.12 . The specific number of RCR nom to be investigated and the selection where the wake has to be passed (above, below, left or right) defines the position of the wake relative to the flight path. When the selected encounter altitude is reached the time histories of the wake vortex induced forces and moments computed for the respective encounter situation were fed into the equations of motion affecting the behavior of the simulated AC. The applied forces and moments were calculated as if the AC follows exactly the nominal flight path along the selected border line of SHA. This procedure of using time fixed disturbances was explicitly chosen to make sure that exactly the conditions along the borderlines of SHA could be investigated.
The visual conditions were chosen to be VMC or IMC and weak turbulence was selected. The simulated aircraft was a twin engine turboprop similar to the Do 228 which is classified 'light' by ICAO classification 2 . The simulator campaign was conducted using the Full-Flight Simulator at the "Center of Flight Simulation Berlin" (ZFB) in cooperation with the TU Berlin. 40, 29 
D. In-Flight Simulation Concept
In-Flight Simulation (IFS) can be regarded to be the most realistic simulation tool since it takes place within the real world environment of flying. The IFS is DLR's standard method to investigate pilot-in-the-loop behavior in real flight conditions 30 . DLR's full fly-by-wire/light testbed ATTAS Advanced Technologies Testing Aircraft System, Fig. 13 ) is especially designed for this application. The principle of the IFS is roughly sketched in Fig. 14 . The complete simulation system to be simulated in real flight (AC model to be simulated, aerodynamic interaction model, wake vortex model) has to be implemented on the computers on board the host aircraft ATTAS. The experimental pilot sitting on the left cockpit side of ATTAS is flying the simulated AC using his real controls. These inputs are fed into the onboard computers stimulating the model AC which reacts on his inputs and on the effects coming from the virtual wake vortex flow. The resulting model AC states are fed into the model following control system. The model following controller calculates the control surface deflections of the host AC which are necessary to make the host AC behave like the simulated AC. So the flight states of the host AC experienced by the experimental pilot are in coincidence with the flight states of the simulated AC. For the wake vortex experiments we had the special situation that the simulated AC is identical to the host AC which is not a necessity for the IFS. That the described concept can also be applied to wake vortex encounter experiments (up to RCR nom ≤ 50%) was successfully demonstrated 31 before the flight test campaigns were planned and conducted.
Two different encounter concepts have been used for the in-flight simulation. The first one is the same as already applied for the full-flight simulator (see Fig. 12 ). That means time fixed disturbances are used to stimulate the simulated AC. But now the real test aircraft and not the moving cockpit behaves like if it experiences a wake vortex encounter. The second concept considers no time simple histories but the actual flight path through the wake vortex. In other words: the wake vortex flow field is space fixed and the aircraft's path through it defines the effective forces and moments which now are space dependent (as sketched in Fig. 15 by the bending flight path arrow). The disturbance calculations are done online and of course in real time.
The space fixed concept is the more realistic but has the disadvantage that the wake vortex is never hit at the exact position the experimenter wants to. Sometimes the wake is not hit at all due to inaccuracies in nominal flight path tracking. To overcome this problem the position of the wake vortex is always shifted slowly (via low pass filter) to the correct location in front of the AC to provide the wanted encounter situation. For the flight test experiment preparation the ATTAS fixed based system simulator was used (see Fig.16 ). Those simulator sessions helped to fix the experiment parameters and to develop the flight test cards (see Fid. 17). Before each real flight test a complete experiment run according to the flight test cards and with test pilots and flight test engineer was performed in the ground simulator. The recordings of those serious simulator sessions were also analysed and evaluated to broaden the encounter statistics.
VI. Safety Threshold
In Fig. 18 all results of the encounter studies are put together. The figure shows the maximum required roll control ratio RCR req which occurred during the approach and the height above threshold where this maximum was experienced. First of all it should be noticed that from a statistics point of view 114 encounter events flown by 4 different pilots are not very convincing. So it is clear, that more experiments have to follow to have a wider data base. But at least a first guess and the discussion of tendencies is supposed to be possible. The green indicated symbols in Fig. 18 represent acceptable encounters and the red symbols the unacceptable ones. It is obvious that the red symbols appear more often for bigger numbers of RCR req . It can also be remarked that for RCR req <0.2 no red icons are found. Thus, this number of RCR nom <0.2 is proposed to be the provisional safety threshold to allow undisturbed flight operations. Of course there are acceptable encounters for RCR req >0.2 but this is not in contradiction with the presented approach. But it is important that there are no unacceptable encounters below the safety threshold.
The diagram in Fig. 19 gives the averages (blue columns) of the pilot ratings for wake vortex encounters with a maximum roll control ratio of RCR req <0.2.The worst average rating is for flight path and flight state excursions, which is about 2. All the other assessment categories expose better average ratings. So excursions seem to be the most evident factor for the pilots. The black lines in the diagram give the minimum and maximum rating of any pilot for the respective category. As claimed the worst rating does not exceed 3. A comparison with other RCR related studies is shown in Fig. 20 . The figure illustrates that the DLR proposal can be marked to be a conservative approach. Therefore, this threshold of RCR nom <0.2 is used for DLR's wake vortex prediction and observation system which is designed to generate dynamic wake vortex separations for safe and undisturbed flight operation. 37, 38, 39 
VII. Pilot Assistance System
The AC performance during wake vortex penetration can be improved by a pilot assistance system. 41 .The investigated assistance system is based on a feed forward control concept 28 . This principle of disturbance compensation has the advantage that the AC characteristics remain unchanged. The control system is only active if an external disturbance is detected. For this concept it is assumed that the airflow in front of the aircraft can be measured by a forward looking sensor (e.g. LIDAR system). Fig. 21 shows the effect of the pilot assistance system on the pilot average ratings. The results came from In-Flight Simulation flight tests with time fixed wake vortex disturbances showing a maximum required roll control ratio of RCR req =0.5. Altogether 9 approaches were conducted in fine weather, 7 approaches were executed in IMC and 4 in light turbulence. Although the diagram is based on only 20 approaches (12 approaches with assistance system, 8 without) the tendency of improved rating can clearly be seen when the automatic controller is engaged. 
VIII. Conclusion
A methodology is presented to establish safe limits for wake vortex penetrations, based on models identified and validated using flight test data. By means of these models piloted simulations were executed using fixed based and full-flight simulators. Finally real flight experiments applying the in-flight methodology were conducted using DLR's flying testbed ATTAS.
Taking into account the results from all the experiments is seems to be possible to establish a safe threshold for undisturbed flight operations applying the roll control ratio RCR parameter. This parameter relates the severity of the disturbance to the available control power of an aircraft. The charm RCR is its simplicity and the fact that it is only one single parameter assessing the encounter situation. For manual control a safe threshold seems to be RCR nom <0.2.
By means of the RCR parameter a simplified hazard area (SHA) can be computed around a wake vortex outside which a safe and undisturbed flight operation can be assumed. Thus, the safe threshold for the normalized roll control power is used for the set up of the "Simplified Hazard Area Prediction" method (SHAPe) to forecast a "hazard free" approach corridor. SHAPe represents a major element of the wake vortex prediction and monitoring system within the DLR project Wirbelschleppe II, in order to safely reduce wake vortex related separation minima.
Automatic control systems can improve the aircraft behavior during wake penetrations by supporting the pilot's control task. This increases safety since more severe encounter situation can be coped. With regard to the worldwide attempt to revise (and decrease) wake vortex separation distances special automatic control systems can play a major role concerning safety. Therefore, DLR is planning to intensify its activities in this area.
